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DOC. 7 GRAVITATIONAL INDUCTION

3.

Gibt es eine Gravitationswirkung, die der elektro-
dynamischen Induktionswirkung analog ist?

Von

Prof. Dr. Einstein-Prag.

Die in der Ueberschrift aufgeworfene Frage kann in Anlehnung
an einen ibersichtlichen Spezialfall in folgender Weise formuliert wer-

tr

) i

K (M)

den. Es werde ein System ponderaBler
Massen betrachtet, bestehend aus der Kugel-
schale K mit homogen iiber die Kugelfliche
verteilter Masse M und dem im Mittelpunkt
dieser Kugelschale angeordneten materiellen
Punkt P mit der Masse m. Wirkt auf den
festgehaltenen materiellen Punki P eine
Kraft, wenn ich der Schale K eine Beschleu-
nigung I' erteile? Die folgenden Ueber-
legungen werden uns dazu fihren, eine

solche Kraftwirkung als tatsdchlich vorhanden anzusehen und uns die
Grosse derselben in erster Anniherung ergeben.

1. Nach der Relativitits-Theorie ist die trige Masse eines ab-
geschlossenen physikalischen Systems von dessen Energieinhait in
solcher Weise abhingig, dass ein Energiezuwachs des Systems um E

die trige Masse um - vergrdsserf, wenn ¢ die Vakuum-Lichtgeschwin-

(n

(

2

digkeit bedeutei. Bezeichnet man also mit M die trige Masse von K (3]
bei Abwesenheit von P, und mit m die trige Masse von P bei Ab-
wesenheit von K, oder mit anderen Worten mit M + m die trige
Masse des aus P und K zusammen bestehenden Systems fiir den Fall,
dass m sich in unendlicher Entfernung von K befindet, so (olét, dass **
die trige Masse des aus K und m bestehenden Systems, fir den Fall,
dass sich m im Mittelpunkt von K befindet, den Wert

kMm
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7. “Is There a Gravitational Effect
Which Is Analogous to
Electrodynamic Induction?”’

[Einstein 1912¢]

PUBLISHED July 1912
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on-axisymmetric fields — asymptotically uniform non-aligned fields

1es of the magnetic field which is asymptotically uniform and perpendicular to the rotation axis. The equatorial plane is shown as
swed from top, i.e. along the rotation axis, (a) in the frame of zero angular momentum observers orbiting at constant radius; (b) in

2 frame of freely falling observers. In the panel (b), two regions of ingoing/outgoing lines are distinguished by different levels of
ading of the horizon. The hole rotates counter-clockwise (a = M).
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Magnetic fields around black holes — p.9/16
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Figure 5. This shows the m = 10 wave which always rotates anticlockwise. As it comes inwards

(a) at T = —2 it is in the form of a leading spiral with the outer parts of the arms ahead of the
central parts. By 7 = —1 (b) the spiral has started to open. By 7 = 0 (c) the central parts have
caught up and the spiral has changed to a cartwheel structure but rotation keeps it beyond p == 0.4.
By I = | (d) the spiral has become trailing as befits a wave that now feeds angular momentum

outwards. By 7 = 2 (e) the spiral becomes tighter and the flat central cylinder becomes larger. We

show 7 = 10 (f) at a small scale but note the beautiful tight wrapping of the narrow arms. Also
note the opposite spirality of the conjugate pairs 7 = +2 and 7 = 1. Figures encompass a radius
p =~ 7(p = |7 for i = 10). The height of /B reduced by a factor of 10™* is between 0 and
1. Lighting falls at 45° from the left. The view is along the z axis from above at a distance of
10~*y/B = 40
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ROTATING SCALAR WAVES

Snapshots of impact (left, r = —6, —4, —2, 0) and departure (right, 7 = 0, 2, 4, 6) of scalar
spherical version of Weber-Wheeler-Bonnor pulse with / = 27, m = 5.



ROTATING SCALAR WAVES

In linear analysis one can use simple prescribtion

(2)’
B

a=

Vi (1,7,0, ¢) ~ Re

In nonlinear terms, we may need an explicit form

N
(a) T P}’ (cos B) cos(mp — A(t,r))
[ (a2 +1r2 —12)2 44212 } 2
at

'ir"bfn.’ (f: r, 8 (:)) ~

2at

A, r)=(1+1) arc.:tanﬁ2 PR




ROTATING LINEARIZED GRAVITATIONAL WAVES

Expansion of (odd parity) symmetric second-rank covariant tensor into tensor harmonics
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SECOND-ORDER ODD PARITY DIPOLE PERTURBATIONS

Now we have solved the first order Einstein equations
G =0
In general the second-order metric perturbations #(2) can be obtained by solving
Gl D) = G 1),

right-hand side is the source term in the form of an effective energy-momentum tensor

: o e @ — 2) ;ap B;a
GELI.',)* [;( )] 2 hiw a T ;,Eu.l v+ h a‘(le‘_gc T h(zcz Uy T gm_, (h(ﬁ?fi = h(? " ) }

e
Rotation ¢/ = & — wot — ds? = ... + 12 sin? 0(dod — wodt)? is most easily identified in

2 .9
gw) = —wq 7 sin® 6

since f¢-component 1s associated only with the following tensor harmonic component

r _
COlmpp = —sm B0y Y,
mp 2f(f+l) ( n)

the dragging of nertial frames near the origin 1s given by / = 1, m = 0 perturbation



SECOND-ORDER ODD PARITY DIPOLE PERTURBATIONS

m Projection of the second-order perturbation equation
RO D) = —R (M, 511,

into tensor harmonics c¢q 7, and dj,, with / = 1, m = 0 which are gauge-only perturbations

l{hgﬂ”_ i } /= /R( RN
2
Q2

m Chosen gauge corresponds to rigidly rotating central inertial frame

m Variation of constants then provides solution, namely near » = 0 the dragging angular
velocity of the central inertial frame

dr
W M W) a0 <
°~ \/127’/ / i B




SECOND ORDER RICCI

m Real-valued metric perturbations written as follows

1 Oy , [95% 1 Oy _ ox
hgr = — ——— hpr = —smO0—— hg, = — —— iy = —sinf ———,
sin @ Ordp oroo sin 6 Jt0p 0t00
i_".f—|—2

— R . L\ pit ‘ . A , .
X = BIN]" k(t,r)Py'(cos 0) cos(mp — A(1, 7)), K= (1472 —R)2 4+ 4R](+D/2

m Computer algebra & pencil and paper
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272 sin 6 73 sin 6
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CENTRAL INERTIAL FRAME DRAGGING

10

t/a
Angular velocity of the central inertial frame wq(Z, m; ¢) for / = 10 and m = 1,2, ...10. The

vertical axis is scaled in units of wg (10, 1;0).



STAR’S TRAJECTORIES
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When appropriately scaled and rotated, the trajectories of all stars are the same, 1.e. the curve 1s
an image of a straight line in the complex plane z = 1 4 is, s € (—o0, 00) mapped by the
function f(z) = z~/~?2 (positions at time #/a = 0, £0.05, 0.1, ... are shown as circles).
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Cosmological perturbation theory, instantaneous gauges, and local inertial frames
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Linear perturbations of Friedmann-Robertson-Walker universes with any curvature and cosmological
constant are studied in a general gauge without decomposition into harmonics. Desirable gauges are
selected as those which embody best Mach’s principle: in these gauges local inertial frames can be
determined instantaneously via the perturbed Einstein field equations from the distributions of energy and
momentum in the universe. The inertial frames are identified by their “accelerations and rotations” with
respect to the cosmological frames associated with the “Machian gauges.” In closed spherical universes,
integral gauge conditions are imposed to eliminate motions generated by the conformal Killing vectors.
The meaning of Traschen’s integral-constraint vectors is thus elucidated. For all three types of Friedmann-
Robertson-Walker universes the Machian gauges admit much less residual freedom than the synchronous
or generalized harmonic gauge. Mach’s principle is best exhibited in the Machian gauges in closed
spherical universes. Independent of any Machian motivation, the general perturbation equations and
discussion of gauges are useful for cosmological perturbation theory.
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